Abstract: Untreated thoracoabdominal aortic aneurysms are associated with an exceedingly high mortality rate, and surgery carries a high complication rate. Crawford's classification system of thoracoabdominal aortic aneurysms describes aneurysm morphology and stratifies patients on the basis of risk of major postoperative complications including mortality, spinal cord injury, and renal failure. Computed tomography and magnetic resonance angiography are essential for classifying thoracoabdominal aortic aneurysms and identifying other important features that impact prognosis and surgical management. Four-dimensional flow-sensitive magnetic resonance imaging is an emerging technique that may help predict complications and further impact timing of intervention.
T horacoabdominal aortic aneurysms (TAAAs) are characterized by contiguous dilatation of the descending thoracic aorta (DTA) and abdominal aorta (AA)-the segments bound proximally by the origin of the left subclavian artery and distally by the aortic bifurcation. The extent and distribution of aneurysmal segments vary among TAAAs and impact surgical approach and prognosis.
Computed tomography (CT) and magnetic resonance (MR) angiography are the main modalities for assessment of TAAAs. Optimal evaluation requires an understanding of different acquisition and postprocessing techniques, accurate reporting, and precise measurements. While aneurysm size is currently the best indicator for timing of intervention, advanced flow imaging techniques are being developed that may eventually risk stratify aneurysms better than size alone.
NATURAL HISTORY
The majority of TAAAs (64%) are the result of medial degeneration and weakening of the vessel wall. 1 Longstanding atherosclerosis is the most frequent cause of degenerative aneurysms. Other risk factors include hypertension, hyperlipidemia, obesity, chronic obstructive pulmonary disease (COPD), smoking history, and family history. Additional causes include connective tissue diseases (such as Marfan syndrome, Loeys-Dietz syndrome, and vascular Ehlers-Danlos syndrome), vasculitis, and familial aneurysms. Chronic type B aortic dissection accounts for up to 36% of TAAAs, 1 and the main risk factor for progressive aortic dilatation following dissection is poorly controlled hypertension. Connective tissue diseases predispose to both degenerative aneurysms and dissection. Rare causes of TAAA include infection and trauma.
The natural history of TAAA is continued growth, dissection, and rupture. Without intervention, TAAAs have high mortality, with most patients dying from eventual rupture. Compared with ascending aortic aneurysms, TAAAs have a higher growth rate. 2 After the diameter reaches 5 cm, the risk of rupture doubles for every 1 cm of growth of the DTA and is 1.5 times more likely for every 1 cm of growth of the AA. 3 By 7 cm, the risk of rupture or dissection is 43%. 4 COPD is also associated with increased expansion and rupture rates. 5 
CLASSIFICATION
In 1986, Crawford et al 6 classified TAAAs on the basis of the anatomic extent of the aneurysm (Fig. 1) . This classification system not only aided in the description of TAAA morphology but also carried important implications for risks of major complications including mortality, spinal cord injury, and postoperative renal failure. According to this classification, extent I aneurysms involve most of the DTA, extending from the origin of the left subclavian artery to the suprarenal AA (Fig. 2) . Extent II aneurysms involve most of the DTA and AA, extending from the origin of the left subclavian artery to the aortic bifurcation (Fig. 3) . Extent III aneurysms involve the distal DTA below the sixth rib and extend to the aortic bifurcation (Fig. 4) . Extent IV FIGURE 1. Modified Crawford's extent classification of thoracoabdominal aortic aneurysms. Extent I aneurysm extends from the left subclavian artery to the suprarenal abdominal aorta. Extent II aneurysm extends from the left subclavian artery to the infrarenal abdominal aorta. Extent III aneurysm extends from the descending thoracic aorta below the sixth rib to the infrarenal abdominal aorta. Extent IV aneurysm involves the abdominal aorta above and below the renal arteries. Extent V aneurysm extends from the descending thoracic aorta below the sixth rib to the suprarenal abdominal aorta. This figure was originally printed in Estrera et al. 7 Permission to reprint per the STM Permission Guidelines.
aneurysms involve only the AA, both above and below the renal arteries (Fig. 5) . A fifth category of TAAA was later added by Safi and Miller 8 and includes aneurysms extending from the distal DTA below the sixth rib to the suprarenal AA (Fig. 6) .
Accurate evaluation of aneurysm extent aids in risk stratification as well as operative planning. Extent II TAAAs carry the highest operative risk with an operative mortality of 9.5% and adverse event rate of 14.4%. Open repair of extent IV TAAA, a more limited operation, has a relatively lower operative mortality (5.4%) and adverse event rate (10%). 1 More extensive aneurysms require more extensive operative exposure and higher degree of aortic replacement. The classification system identifies higher risk subgroups, particularly patients with extent II TAAA's, who benefit from more adjunctive protective techniques-such as partial cardiopulmonary bypass and intercostal artery reimplantation-that help to decrease the incidence of spinal cord injury and operative mortality.
MANAGEMENT
Antihypertensive therapy is the mainstay of medical management of TAAAs. Surgical repair is recommended when the risk of rupture outweighs the risk of repair, typically when the aorta reaches a diameter of 5.5 to 6 cmsmaller sizes may be considered for patients with connective tissue diseases and other risk factors-or if growth rate approaches 0.5 cm per year. 9 Open repair of TAAAs offers the potential for longterm survival but also a high risk of complications. Early mortality rates following repair are 5% to 19%, 1, 7, 10 and emergent presentation is the main predictor for early death. 11, 12 Postoperative renal failure is the next biggest factor for early mortality and is associated with a 7-fold increased risk of death. 10, 13 Other preoperative risk factors include age, coronary artery disease, and COPD. 14 Aside from death, the most feared postoperative complication is spinal cord ischemia. Neurological deficits can range from mild or transient paresis to paraplegia and are considered to be caused by a combination of spinal cord hypoperfusion/reperfusion injury and elevated intrathecal pressure. Intercostal and lumbar arteries, which supply the anterior segmental medullary arteries, are critical for spinal cord perfusion. The largest of these is the artery of Adamkiewicz, usually located on the left side between T8 and T12. 15 Although it was previously believed to be imperative for spinal cord perfusion, a network of collaterals in and around the spinal canal can help perfuse the spinal cord after sacrifice of the artery of Adamkiewicz. 16 Therefore, at least one or 2 sets of patent intercostal arteries are reattached during surgery to reduce the likelihood of spinal cord ischemia.
The risk of neurological deficit generally depends on the length of aorta replaced and the length of aortic crossclamp time. 17 Extent II aneurysms have the longest length and, therefore, the greatest risk because of loss of intercostal/lumbar artery supply and longer procedure time. 18 Extent I and III aneurysms have the next greatest risk of neurological deficit. 19 A common feature of these 3 extents is involvement of the distal DTA and critical intercostal arteries. Multiple groups report paraplegia rates for all TAAA repairs from 2% to 8%, 1, 10, 19 and outcomes tend to be more favorable in high-volume institutions. 20 The development of branched and fenestrated endografts has made endovascular repair and hybrid approaches increasingly feasible interventions. 21, 22 While these are not yet commercially available in the United States, investigational studies are underway, and initial technical success rates of endovascular repair are high. 23, 24 Although the incidence of early mortality, neurological deficit, and renal failure are similar to open repair, 25 the use of regional anesthesia results in better pulmonary outcomes. Endovascular repair may, therefore, be a better option in some high-risk patients with more limited life expectancy, especially those with severe pulmonary dysfunction. Endoleak rates, however, remain at about 15%, and reintervention rates are higher than for open repair.
IMAGING Reporting
Reporting for TAAAs consists of the proximal and distal extent of the aneurysm, including proximity to the left subclavian artery, sixth rib, diaphragm, renal arteries, and aortic bifurcation. In addition to the maximum diameter of the aneurysm, aortic dimensions above and below the aneurysm help size the graft. Although measurement locations are not standardized, the same locations should be measured for individual patients across surveillance scans. The degree of calcification, mural thrombus, and tortuosity should also be assessed.
Variant anatomy, such as an aberrant right subclavian artery, retroaortic or circumaortic left renal vein, or variation in visceral artery branching, affects the surgical approach and should be reported if present. For instance, an aberrant right subclavian artery frequently arises from a Kommerell diverticulum distal to the left subclavian artery and may need to be bypassed separately. The ostia of the visceral arteries should be evaluated as best as possible, as stenotic arteries may require endarterectomy or stenting during surgery.
In patients with chronic dissection, patency of the false lumen, size and location of the entry tear, and the presence of any fenestrations in the intimomedial flap should be reported. In the setting of partial false lumen thrombosis, thrombus in the distal segment obstructing the reentry tear may pressurize the false lumen and increase the risk of expansion. 26 Extension of dissection into the visceral or iliac arteries should be described if present, as well as true or false lumen supply to the visceral arteries. Small size of the true lumen near the visceral arteries or extension of dissection into the visceral arteries can result in ischemia of the bowel or kidneys, and any bowel wall thickening or diminished enhancement of either kidney may be a sign of malperfusion.
Scanning
Imaging is typically obtained at 6-or 12-month intervals depending on the size, extent, and growth rate of the aneurysm. CT and MR angiography are the preferred imaging modalities for evaluation of TAAA diameter, extent, and luminal characteristics. CT is the reference standard, offering wider availability, shorter scan time, and better spatial resolution. MR does not utilize ionizing radiation and may be a better option in younger patients, such as those with connective tissue diseases, who require lifelong surveillance. Blood pool contrast agents are advantageous for MR angiography but not essential. 27 Some patients with renal insufficiency or contrast allergy must be imaged without the benefit of intravenous contrast. Although aortic dimensions can be measured on noncontrast CT and progressive enlargement is evident on serial imaging, evaluation of the vessel lumen is limited. Noncontrast MR, however, distinguishes the lumen and vessel wall. Threedimensional (3D) steady-state free precession sequences with respiratory-gating and ECG-gating are capable of highquality, noncontrast angiograms of the thoracic aorta. 28, 29 Unlike in the aortic root and ascending aorta, ECG gating provides no significant benefit for evaluation of TAAAs. Newer noncontrast MR angiographic techniques, such as inflow-based steady-state free precession sequences with quiescent-interval single shot (QISS) or inversion recovery pulses, have shown promise for evaluation of the AA. [30] [31] [32] Measuring Current generation CT scanners and the latest MR sequences have drastically improved the ability to generate 3D data sets and perform various postprocessing techniques. Multiplanar reformatting (MPR) provides a true crosssectional diameter of the aorta by allowing the selection of double oblique planes perpendicular to the flow of blood. Compared with measurements in the transaxial plane alone, which tend to overestimate aneurysm diameter and could result in a patient prematurely meeting surgical criteria, double oblique measurements have better diagnostic accuracy and are more reproducible for consistency on serial imaging 33 (Fig. 7) . They also account for asymmetric aortic dilatation that otherwise may not be apparent on axial images.
After selection of a double oblique plane, there are several options for measurement of cross-sectional diameter based on edge selection. Current guidelines for CT and MR recommend measurement from outer wall-to-outer wall to include any intraluminal thrombus or aortic wall thickening caused by inflammation. 9 Although contrast-enhanced and unenhanced scans can be compared with one another with the outer wall-to-outer wall method, comparison across modalities may be challenging.
In both 3D postcontrast and noncontrast MR angiography, the low-contrast vessel wall can be difficult to resolve next to the high intensity lumen, and measurement of the lumen alone (inner wall-to-inner wall method) can underestimate aneurysm size. Able to differentiate patent lumen, luminal thrombus, and vessel wall, black-blood MR sequences are superior for vessel wall imaging, but acquisition is typically time-consuming and anisotropic. 3D blackblood MR sequences with more reasonable acquisition time are currently in development and could be helpful for TAAA surveillance in the future. 34 The standard measurement method in echocardiography and AA sonography is from leading edge-to-leading edge, which yields smaller measurements than the outer wall-to-outer wall method. 35 However, CT and MR are more reliable modalities for evaluating TAAAs, and any discrepancy with echocardiography should not be a source of confusion. 36 Centerline analysis is an automated MPR technique that segments the vessel lumen after detection of the geometric vessel center. 37 It can provide a cross-sectional diameter anywhere along the specified vessel, aneurysm length, and aneurysm distance to landmarks such as the left subclavian artery, renal arteries, diaphragm, and aortic bifurcation. In addition to offsetting the increased time of manual MPR, centerline analysis decreases measurement variability in both the DTA and AA. 38, 39 Two drawbacks are that (1) the vessel is segmented on the basis of luminal contrast only, generating inner wall-to-inner wall measurements and thus requiring manual adjustment for outer wallto-outer wall measurements when atherosclerosis is present (Fig. 8) , and (2) asymmetric atherosclerosis or chronic type B dissection affects accurate centerline generation, requiring manual centerline adjustment.
Future Directions
Although aortic size is currently the best predictor of future growth and acute events, 4D flow MR angiography is an emerging technique offering comprehensive analysis of aortic pathophysiology. 40 Acquisition is based on phasecontrast imaging with flow encoding in all 3 spatial directions relative to time. 41 Flow parameters range from basic concepts such as flow volume and peak velocity to more advanced features. These include wall shear stress (the estimation of the frictional force exerted on the vessel wall), flow pathways in the aorta, vascular stiffness based on pulse wave velocity, 42 pressure gradients, 43 turbulent kinetic energy, 44 and flow eccentricity. 45, 46 For 3D visualization of hemodynamic flow patterns, the most commonly used techniques are 3D streamlines, which are independently computed for each time frame in the cardiac cycle and colorcoded to display the local absolute flow velocity, and timeresolved 3D pathlines, which are computed across multiple time frames.
The assessment of these hemodynamic parameters and altered flow patterns in association with changes in aorta size may provide further insights into plaque formation, the development of TAAAs, and risk of dissection and rupture. 47, 48 Abnormal flow with increased diameter over time has recently been demonstrated in the proximal DTA, a common site of dissection in patients with Marfan syndrome. 49 Furthermore, analysis of flow in chronic type B dissection and TAAA has shown primarily laminar flow in the true lumen and abnormal flow in the false lumen varying with disease extent and caliber (Fig. 9) . 50 Although CT angiography has limited capability for assessing flow dynamics, lumen contrast heterogeneity has been described as an indicator of nonuniform flow and a marker for accelerated aneurysm expansion (Fig. 10) . 51 Further study with long-term outcome data is needed, but future knowledge of flow alterations in TAAAs stands to have an important impact on the timing of intervention.
